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Abstract 
A series of MnxOy - Al2O3 materials have been prepared either by spray-drying (SD) of Al/Mn precursor solutions or 
by multiple wet-impregnations of two different Mn precursors on various alumina supports. The two Mn precursors 
used in the preparation were manganese nitrate (Mn(NO3)2∙4H2O) and manganese acetate (Mn(CH3COO)2∙4H2O). To 
study properties relevant for the sorption performance, the calcined materials were characterized using several 
methods. Textural properties (N2 sorption) of the Mn loaded samples show significant differences when compared to 
the parent supports. For the samples prepared by multiple wet-impregnations this is due to the relatively high Mn 
loading (up to 30 wt. %) and the additional heat treatment. For the sample prepared by SD it is the presence of Mn 
species that modifies the textural properties and affects the way the final material is formed. X-ray diffraction 
measurements show that the ratio of Mn2O3/Mn3O4 depends on the Mn precursor used when the samples are prepared 
by the multiple wet-impregnation method. For the samples prepared by the SD method the use of a specific Mn 
precursor has no influence on the ratio of Mn2O3/Mn3O4 in the final material. UV-Raman spectra strongly indicate 
the presence of MnO2 on the surface of all MnxOy - Al2O3 sorbents. MnO2 was not detected by XRD. The presence of 
new MnxOy species was also detected by Raman spectroscopy and their existence is ascribed to a specific interaction 
between MnxOy and Al2O3. TPR data show there are three main reduction steps most likely due to the reduction of 
MnO2 to MnO through intermediate Mn2O3 and Mn3O4. The data, however, indicates that a new species is formed at 
high temperature (above approx. 550 °C). It is proposed that the additional features observed in the TPR profiles 
might be due to the formation of the spinel structure MnAl2O4. 
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1. Introduction 
Biomass as well as biomass char gasification gas contains significant amounts of impurities that need 
to be removed from the gas prior to any downstream processing. The purpose is twofold, both the 
protection of the downstream equipment from corrosion and protection of a downstream catalyst from 
poisoning by by the impurities. It has been recommended that high temperature sorbents rather than wet 
scrubbing technologies should be used for the removal of the impurities in order to enhance the thermal 
efficiency of the overall process when biomass is converted to liquid fuels (BTL) or chemicals [1, 2]. For 
the removal of H2S from biomass gasification gas several sorption systems have been proposed, each of 
them having advantages and disadvantages. The advantage of manganese oxide based sorbents is their 
thermal stability as the metallic form of manganese is not formed below 1200 °C, hence the evaporation 
of metal as observed for Cu and Zn oxide sorbents at higher temperature does not occur [1,2]. However, 
manganese oxide based sorbents tend to deactivate over time. The most important cause of deactivation is 
sintering [3,4].   
In this work we report on the preparation and characterization of MnxOy-Al2O3 sorbents. Using the 
spray drying (SD) technique is a new way of preparing these types of sorbents. As previously observed 
for other SD syntheses, it is assumed that the precursor species will be intimately mixed and the resulting 
material will contain metal oxide on the surface and throughout the particle [5]. High surface area porous 
alumina is expected to provide a surface onto which the Mn species will be deposited as well as hindering 
sintering of the Mn species through the intimate mixing of the Mn oxide and the alumina support. On the 
other hand, for the sample prepared by a conventional wet impregnation the active species are located on 
the surface as the solubility of Mn oxides in alumina is rather low [6], making the MnxOy more prone to 
sintering. The prepared materials are described by a set of characterization methods giving an insight into 
properties that are highly relevant for high temperature sorption performance. The chosen combination of 
the characterization methods is presented for the first time and the emphasis is placed on the evaluation of 
the Mn oxidation state, surface area and reducibility of the sorbents.  
2. Experimental 
All chemicals were used as received without further purification. MnO (>99.99%), MnO2 (99.99%), 
Mn(NO3)2.4H2O (>97%), Mn(CH3COO)2.4H2O (>99%)  and an aqueous solution of the alumina 
precursor Al(NO3)3.9H2O (>98%) were purchased from Sigma Aldrich. Solid particles of boehmite 
(Al(OH)3) having an average particle size of 120 nm were obtained from SASOL.  
 
2.1. Materials synthesis and characterization 
Aluminas 
Parent Al2O3 was prepared by calcination (approx. 5 g in a dish in a furnace) of boehmite in air at 
600°C for 5 h with a heating rate of 1°C/min. Agglomerated Al2O3, assigned Al2O3 agglom, was prepared 
by spray drying of a boehmite dispersion in water (15 wt. % boehmite). The SD was performed at 250 °C. 
Finally, Al2O3 was prepared by SD of an 15 wt. % aqueous solution of the alumina precursor 
Al(NO3)3.9H2O. %. The latter sample is assigned Al2O3 (SD). The two spray dried aluminas were calcined 
under the same conditions as the parent alumina Al2O3.   
 
MnxOy-Al2O3 and reference Mn oxides 
MnxOy-Al2O3 samples were prepared either by multiple wet-impregnations of parent Al2O3 and Al2O3 
agglom or by SD using solutions of Al/Mn precursors. The wet impregnation was performed four times 
with drying at 100 °C for 24 h in between. In each impregnation step the desired Mn loading of 7.5 wt.% 
was introduced, giving a desired (nominal) total Mn loading of 30 wt.%. After the last impregnation and 
subsequent drying, the functionalized aluminas were calcined in the same manner as the parent Al2O3. 
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Samples prepared by manganese nitrate and manganese acetate are denoted N and A respectively. The 
samples prepared by the impregnation of Al2O3 agglom are denoted agglom.  For the samples prepared by 
impregnation of the parent Al2O3 there is only the Mn precursor used in the preparation mentioned in the 
name of the sample (see Tab. 1 for the samples overview). For the MnxOy-Al2O3 samples prepared by SD, 
the desired Mn content was also 30 wt.%. The Al/Mn precursors were mixed and dissolved in distilled 
water to obtain the desired loading. The final solution was spray dried at 250°C. The subsequent 
calcination procedure was performed in the same manner as for the previous samples. Reference Mn2O3 
and Mn3O4 were prepared by calcination of Mn(NO3)2.4H2O in air at 600°C and 1000°C, respectively, as 
previously described Strohmeier and Hercules [7]. The XRD patterns of the reference oxides were in 
excellent accordance with their corresponding XRD library files. 
2.2. Instrumentation  
The spray drying was performed using a Labplant SD-06 Laboratory Scale Spray Dryer (Labplant, 
West Yorkshire, UK). Nitrogen adsorption-desorption isotherms were measured using a Micromeritics 
TriStar 3000. Prior to measurement, the samples were outgassed at 120°C for 12 hours. X-ray diffraction 
analysis of the sorbents were performed on a Bruker AXS D8 Focus diffractometer using CuKα radiation 
(λ=1.54Å). 
UV-Raman spectroscopy measurements were performed on a Horiba Jobin Yvon, LABRAM HR 800 
instrument using a laser excitation source of 325 nm (near UV). In order to reduce the fluorescence and 
damage of the samples under the laser beam a D1 filter was used. TPR measurements were performed on 
an in-house built apparatus described elsewhere. [8].  
3. Results and discussion 
3.1. Textural properties of alumina supports and MnxOy-Al2O3 sorbents 
Textural properties of prepared aluminas and MnxOy-Al2O3 sorbents as evaluated by N2 sorption are 
summarized in Tab. 1.  
A sample prepared by SD of the boehmite aqueous suspension and subsequent calcination (Al2O3 
agglom) possesses properties nearly identical to those of parent Al2O3. This is not surprising, as the  
expected changes in the textural properties caused by agglomeration are at a scale observable by other 
methods, such as Hg porosimetry or Scanning Electron Microscopy (SEM). These techniques should be 
used as complimentary tools in order to describe the textural properties of the samples [9].   
Al2O3 (SD) prepared by SD from a solution of alumina precursor has significantly different textural 
properties when compared to Al2O3 agglom, which again is to be expected considering the very different 
starting material.   
The MnxOy-Al2O3 samples prepared by impregnation show a significant reduction of surface area and 
pore volume when compared to parent Al2O3 alumina and Al2O3 agglom. The additional heat treatment 
involved in the sample preparation may modify the properties of alumina to some extent, but it is also 
important to consider that these changes can be the result of a rather high Mn loading (up to 30 wt. %) 
being deposited onto alumina. Results presented in Tab.1 also indicate that there is no difference in the 
final material whether an acetate (A) or a nitrate (N) Mn precursor is used for the impregnation.  
The MnxOy-Al2O3 samples prepared by SD of Al/Mn precursors exhibit textural properties (Tab. 1) 
that are different from those of the parent alumina (Al2O3 (SD)). In this case, there is a pronounced 
increase in the surface area accompanied by an increase of the pore volume and decrease of the average 
pore width. The differences for both prepared samples are rather remarkable and are more prominent for 
the sample prepared from the manganese nitrate precursor. Clearly, the presence of Mn species during the 
SD affects the way in which the final material is formed.    
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Table 1. Textural properties of aluminas and MnxOy-Al2O3 sorbents as derived from N2 sorption measurements.  
Sample Surface  area 
[m2/g] 
Pore width 
[nm] 
Pore volume 
[cm3/g] 
Comments 
MnxOy- Al2O3 (A, agglom) 80 11.8 0.31 Prepared by multiple wet 
impregnation of Mn 
precursor onto parent support 
or agglomerated support. 
MnxOy- Al2O3 (A)  75 11.3 0.27 
MnxOy- Al2O3 (N, agglom) 78 12.3 0.31 
MnxOy- Al2O3 (N) 83 11.4 0.31 
MnxOy- Al2O3 (N, SD) 166 3.1 0.15 Prepared by SD using Mn 
and Al precursors. MnxOy- Al2O3 (A, SD) 106 2.5 0.05 
Al2O3 115 11.9 0.44  
Aluminas used in the study. Al2O3 (agglom) 118 12.2 0.50 
Al2O3 (SD) 5 14.1 0.02 
 
3.2. Crystallographic properties of alumina supports and MnxOy-Al2O3 sorbents 
XRD patterns of the calcined materials are depicted in Fig. 1. The XRD pattern of the parent Al2O3 
alumina shows the characteristics of γ-alumina. The sample prepared by SD using the boehmite 
dispersion (Al2O3 agglom) had identical patterns as the parent Al2O3 (not shown). The sample prepared by 
the SD (Al2O3 (SD)) using a solution of Al(NO3)3.9H2O reveals the characteristics of transition aluminas  
with a lower degree of crystallinity compared to the parent Al2O3. The identical heat treatment when 
applied on the two different starting materials leads to a final material having quite different 
characteristics, as was also concluded from the N2 sorption analysis.  
The MnxOy-Al2O3 samples prepared by impregnation show reflections corresponding to γ-alumina, 
Mn2O3 and Mn3O4. For the samples prepared from the acetate precursor (A), both manganese oxides are 
detected while for the samples prepared from nitrate precursor (N) it is Mn2O3 that is by far the dominant 
Mn species detected. As the same behaviour is observed for both impregnated aluminas (Al2O3 and Al2O3 
agglom) we conclude that the use of a specific Mn precursor in the preparation of MnxOy-Al2O3 sorbents 
by impregnation adjusts the oxidation state of Mn in the final material. Clearly, the samples prepared 
from acetate precursor are becoming more reduced during preparation.  
Interestingly, the same behavior is not observed for the samples prepared by SD of Al/Mn precursor 
solutions, as the XRD profiles for the samples prepared from the two different manganese precursors are 
nearly identical. The only detected species is Mn2O3 for both samples (Fig. 1). Hence, the use of a 
specific Mn precursor is of less importance when the samples are prepared by SD of Al/Mn precursor 
solutions. Here, the SD was performed at 250 °C, where the Mn precursors are already decomposed [7, 
10], leaving the Mn ions to form the resulting material with Al and O species present in the environment.  
The particle size of Mn oxides could not be accessed by the Scherrer equation (see e.g. ref [7]) for all 
the samples due to the overlapping of the reflections. However, from the data presented in Fig. 1 it is 
clear that the largest particles of MnxOy are detected on the samples prepared by wet impregnation using 
the manganese nitrate precursor. Any significant difference in the particle size when impregnating parent 
or agglomerated Al2O3 was not detected. Similarly, the particle size of Mn2O3 in the samples prepared by 
SD using Al/Mn precursors are the same regardless of the Mn precursor used.    
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          Figure 1. XRD patterns of aluminas and  MnxOy-Al2O3 sorbents. Symbols: ¤ - Mn2O3, * -  Mn3O4. 
 
3.3. Raman spectra of reference Mn oxides and MnxOy-Al2O3 sorbents 
Raman spectroscopy was used here to examine the surface and subsurface properties of the prepared 
materials. The technique serves as a complementary method to XRD that provides information about the 
bulk properties. The method has been used in the past mostly on the bulk Mn oxides and to a lesser extent 
on the supported Mn oxides [7, 10, 11]. The difficulty associated with the use of this method is that there 
is a strong fluorescence of the oxides and they tend to be unstable under the laser beam. In this work we 
attempt to minimize these effects by careful design of the experiments by the use of the specific filter 
(D1) that reduces the beam intensity. Consequently, the examined species became more Raman active 
under the reduced laser beam.   
Raman spectra of reference Mn oxides are presented in Fig. 2.  As seen in the figure the most Raman-
active phase is Mn3O4. This oxide is known for its characteristic Raman spectrum and the spectrum 
recorded here is in a good agreement with literature [7, 10, 11]. The prominent Raman feature of Mn3O4 
is a peak observed at approx. 650 cm-1. The spectra recorded on the other two reference oxides are 
somehow less Raman active; however some characteristic spectral features can also be recognized. It is 
also seen that spectra of both MnO2 and Mn2O3 exhibit some of the features characteristic for Mn3O4, 
which could be due to its formation during the spectra acquisition. Nevertheless, the peaks at 520 cm-1 
and 700 cm-1 are not observed for Mn3O4 and we consider these features to be characteristic of MnO2 and 
Mn2O3, respectively. These assignments are in close agreement with literature [11].  
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Figure 2. Near UV- Raman spectra of reference MnxOy recorded using a laser excitation source of 325 nm. 
 
Figure 3. Near UV-Raman spectra of reference MnxOy-Al2O3 sorbents recorded using a laser excitation source of 
325 nm. 
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Raman spectra of all prepared MnxOy-Al2O3 sorbents are presented in Fig. 3. In some of the spectra, 
well recognized Raman peaks can be observed which are typically not observed by other authors [7, 10, 
11]. The intensity enhancement of the peaks observed in this work may be caused by the Mn loading (up 
to 30 wt. %), which is higher than typically used by others.  
From the data presented in Fig. 3 it is clear that the samples prepared by the multiple wet 
impregnations using acetate Mn precursor are the most Raman active. XRD data revealed the presence of 
crystalline Mn2O3 and Mn3O4 for these samples. Raman spectra confirm the presence of these species and  
additionally indicate the presence of MnO2 on the surface of the samples (spectral feature at 520 cm-1). 
Hence, the bulk and surface composition of the samples might be different. It could, however, also 
indicate that the concentration of MnO2 is very low, or that its crystalline domains are rather small being 
below the detection threshold of the XRD instrument used.  
In addition to the reference oxides, whose spectral characteristics are observable on the sorbents 
prepared by impregnation using acetate precursor, some new spectral features are also seen in the 
corresponding Raman spectra. The new spectral features are observed at 265, 480 and 630 cm-1. There are 
several possible reasons for this behaviour that is in fact providing additional information to the XRD 
data. As mentioned already, Raman spectroscopy is especially sensitive to the surface oxide species while 
XRD describes the bulk properties. It is therefore likely that there is some new surface manganese oxide 
species formed as a result of the sample preparation. These might arise from a specific interaction 
between γ-alumina and manganese oxide as suggested by other authors (see [11] and references therein).  
For the samples prepared by impregnation using manganese nitrate precursor or by SD using solutions 
of Mn/Al precursors the spectral features become rather weak (Fig. 3). This can be expected as it was 
observed from the XRD data that the dominant Mn oxide is Mn2O3, which is an oxide characterized by 
giving a very low Raman scattering. It is, however, also observed (Fig.3) that the weak spectral features 
are positioned in the same patterns as observed for the reference oxides. It might therefore indicate that 
the surface properties of the samples are also rather complicated with a high degree of inhomogeneity 
where several Mn oxides could be present.  
3.4. Temperature programmed reduction (TPR) 
The behavior of the samples under reducing conditions is of particular interest as the biomass 
gasification gas has a reductive character and the Mn species formed upon reduction are the active species 
for H2S capture. In this work, the reducibility of MnxOy-Al2O3 sorbents has been studied by TPR in the 
temperature range 20 – 900 °C in a diluted flow of hydrogen. Reduction profiles recorded on all prepared 
samples are depicted in Fig. 4. For the samples prepared by impregnation using an acetate precursor, the 
reduction starts at approx. 180°C and it is not finished until the temperature reaches 800 °C. The 
reduction peaks are rather broad in comparison with samples prepared using nitrate precursor. The 
broadening of the peaks, as well as the extending of the temperature range where the reduction occurs for 
the samples prepared using acetate precursor is in good agreement with the literature [10]. In line with 
Raman and XRD data we suggest that the broadening of the reduction peaks may be due to the 
complexity of the sample composition as several Mn oxides can be present. As already mentioned, the 
samples prepared from the nitrate precursors show quite narrow reduction peaks that are rather 
characteristic of the reduction behavior of bulk manganese oxides [12]. The observed behavior could also 
indicate that there is a weaker interaction between the MnxOy and alumina species for the samples 
prepared from the nitrate precursor. There is no significant difference when comparing the samples 
prepared by impregnation of parent Al2O3 and Al2O3 agglom (Fig. 4). 
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Figure 4. TPR profiles of MnxOy-Al2O3 sorbents. 
 
The samples prepared by SD using a mixture of Mn/Al precursors in principle show the same 
behaviour as observed for the samples prepared by impregnation, but with different relative areas of the 
reduction peaks. The reduction behaviour is similar for both the samples prepared by SD, as expected in 
light of the XRD data showing nearly identical properties for the latter two samples (Fig. 1). However, 
there is a broad reduction peak observed at high temperature for the sample prepared from the acetate 
precursor, which was also observed for the samples prepared by the impregnation method using the 
acetate precursor. In this case the broad feature is shifted to even higher temperature and observed at 
approximately 780 °C. Hydrogen reduction of MnO2 to MnO proceeds through the formation of Mn2O3 
and Mn3O4 respectively [7].  Metallic Mn is formed at temperatures above 1200 °C.  Although the 
reducibility of bulk metal oxides and supported oxides shall not be directly compared, the general 
reduction pathway should be taken into consideration when interpreting the data. The reduction profiles 
recorded here typically consist of three peaks that in some cases become rather broad, possibly due to the 
reasons discussed above. Additional features observed for some samples are a shoulder on the highest 
temperature reduction peak at approx. 550 °C and a broad reduction peak at 660 °C or 780 °C. We 
assume that the three main reduction peaks observed are due to reduction of MnO2 to MnO with Mn2O3 
and Mn3O4 as intermediates. The samples typically turned green at the end of the reduction, which is an 
indication of MnO formation. XRD patterns recorded on the reduced samples (Fig. 5) also showed the 
presence of MnAl2O4 spinel structure. Hence we assume that the additional features observed as 
shoulders of the reduction peaks at high temperature or a single broad reduction peaks also at high 
temperature might be due to formation of this spinel structure.  
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Figure 5. XRD patterns of reduced samples showing evidence of spinel formation. 
4. Conclusions 
A number of high temperature MnxOy-Al2O3 sorbents for removal of H2S from biomass or biomass 
char gasification gas were prepared using two different Mn precursors and several preparation pathways. 
The preparation pathways included the use of spray drying (SD) as a relatively new method for sample 
synthesis and conventional multiple wet-impregnation of Mn precursors onto either parent alumina or 
alumina that has been agglomerated by SD prior to the impregnation. The samples were characterized by 
a set of methods and the difference in terms of textural, crystallographic and surface properties were 
described. Finally, the reduction behaviour of the samples has also been examined. The results presented 
here shall be considered when MnxOy-Al2O3 materials are tested for their efficacy in the sorption removal 
of H2S at elevated temperatures under reducing environments. 
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